Objectives: Bone mineral density (BMD) is a complex trait resulting from the interplay of genetic and acquired factors. The objective of this study was to explore the influence of several anthropometric, lifestyle, genetic, and hormonal factors on BMD and analyze the possible differences in men and women. Methods: We studied 572 individuals over 50 years of age (381 postmenopausal women and 191 men). Lumbar spine and femoral neck BMD were measured by dual energy x-ray absorptiometry. The free estrogen index (FEI) was calculated as the ratio of serum estradiol to sex hormone binding globulin in 241 individuals. Three polymorphisms in the genes coding for 17-hydroxylase/liase, sulfotransferase, and 5a-reductase were studied in DNA isolated from blood cells. Results: Body mass index was strongly correlated to spine and femoral BMD both in women and in men (rZ0.32-0.49; P!0.001). FEI was also independently correlated with spine BMD in both sexes (rZ 0.23 and 0.34, P!0.01), and with femoral neck in women (rZ0.30). Women with G alleles of the sulfotransferase gene tended to have higher spine BMD than those with C alleles (PZ0.025). No other genotype-related differences in BMD were found. Conclusions: In conclusion, the results of this study point toward body weight and estradiol levels as major factors determining BMD both in women and in men. A common polymorphism of the sulfotransferase gene also appears to be associated to spine BMD in women.
Introduction
Bone mineral density (BMD) is a complex trait, resulting from the interplay of both genetic and acquired influences, including among the latter nutritional, hormonal, and physical factors. Sex hormones play a critical role in bone homeostasis and the decline in estrogen availability after the menopause is a central factor in the development of postmenopausal osteoporosis (1) . Given their role in bone homeostasis, genes related to the metabolism of sex steroids are likely candidates to contribute to the hereditary influence on BMD.
It has been suggested, from the results of a number of family and twin studies, that genetic factors may explain about to 30-80% of the variability of BMD and fracture risk (2, 3) . Nevertheless, establishing the relative importance of genetic and environmental factors is a difficult task, not only because many factors may be involved, but also because of the interactions among them. We planned this study to explore the influence of several anthropometric, lifestyle, genetic, and hormonal factors on BMD and analyze the possible differences in men and women. In particular, we decided to study three polymorphisms of genes coding for enzymes involved in the metabolism of sex steroids which have been previously found associated to certain hormonesensitive conditions, namely 17-hydroxylase, 5a-reductase, and sulfotransferase (4) (5) (6) (7) (8) .
Material and methods

Subjects
We included 572 individuals over 50 years of age (381 postmenopausal women and 191 men). They were volunteers recruited by voice and written announcements from various sources to prevent a preferential selection bias (hospital workers, civic associations, religious groups, and geriatric residences) and patients with primary osteoporosis. All were living in Cantabria, a region in Northern Spain with a population of 530 000. They were interviewed by one of the investigators in order to check the absence of exclusion criteria. Subjects taking bisphosphonates, corticosteroids, antiepileptics, thiazides, estrogens, or other drugs known to modify bone mass, as well as those with past or present diseases known to affect bone metabolism, poor mental or physical performance status, or non-Spanish ancestry were excluded. Causes of secondary osteoporosis were excluded by clinical examination and laboratory tests (including complete blood count, ESR, serum biochemical profile, protein electrophoresis, thyroid hormones, and parathyroid hormone). Height was measured using a wall-mounted stadiometer. Weight was measured with upright balance scales. Calcium intake from dairy products was estimated by a questionnaire (9) . Individuals were considered to exercise if they currently performed recreational weight-bearing activities or walked at least 4 km/day. Alcohol intake was defined as a daily intake of more than 10 g. Subjects were regarded as smokers if they had a present or past history of smoking at least 5 cigarettes/day for a minimum of 5 years. The study was approved by the Institutional Ethics Committee and subjects gave informed consent.
BMD was determined by anterior-posterior dual energy x-ray absorptiometry (DXA) scans at the lumbar spine (L2-L4) and the femoral neck using a Hologic QDR 4500 densitometer (Hologic, Waltham, MA, USA). The coefficient of variation measuring a standard phantom with repositioning was !1%. Volumetric BMD was estimated by modeling vertebrae and the femoral neck as cylinders with previously published formulas (10) .
Serum estradiol
Hormone levels were measured in a random subset of subjects (177 women and 64 men). Estradiol was determined by an ultrasensitive RIA (Diagnostic Systems Laboratories, Webster, TX, USA), with a sensitivity of 4 pmol/l and a coefficient of variation (CV) of 4-9%. Sex hormone binding globulin (SHBG) was determined by an ELISA (IBL, Hamburg, Germany) with a sensitivity of 0.2 nmol/l and CVof 9%. The free estrogen index (FEI) was calculated as the molar ratio of total estradiol to SHBG.
Genetic analysis
Genomic DNA was obtained from the peripheral blood using a commercial kit, according to the manufacturer's instructions (Qiagen).
Three polymorphic loci in genes related to sex steroid metabolism that had been previously suggested to be related with hormone activity were analyzed. a. CYP17. This gene codes for the 17a-hydroxylase/17,20-lyase. A T/C single nucleotide polymorphism (SNP) situated in the 5 0 region of the CYP17 gene, which creates a Sp-1 site at position K34, has been associated with differences in transcriptional activity (11, 12) . b. SULT1A1. The gene codes for sulfotransferase, an enzyme involved the catabolism of steroids and other products. We studied a C/G polymorphism in codon 213, resulting in an arginine to histidine change, which reduces the catalytic activity (13) .
c. SRD5A2. This gene codes for 5a-reductase type II, the enzyme converting testosterone into the active compound dihydrotestosterone. We studied a G/C non-synonymous polymorphism at codon 89 (V89L), which has been associated to serum sex steroids and hormone-dependent cancers in some studies (6) (7) (8) .
CYP17 genotyping was performed by a procedure based on the exonuclease activity of Taq DNApolymerase, using allele-specific Taqman probes labeled with VIC and FAM. Primers and probes were designed by the manufacturer with Primer Express software (Taqman Assays-on-Demand, Applied Biosystems, Foster City, CA, USA). After amplification in an ABI9700 thermal cycler (Applied Biosystems), the fluorescence was read in an ABI7300 sequence detector. SRD5A2 and SULT1A1 loci were amplified by PCR with the primers reported by Latil (14) and Seth respectively (13). The PCR products were digested with RsaI (SRD5A2) or HaeII (SULT1A1), electrophoresed through agarose gels, and stained with ethidium bromide. Random samples were analyzed twice to check for consistency of results. DNA analysis was performed blind of other results.
Data analysis
The relationship between anthropometric variables and DXA was analyzed by linear regression, after sexstratification. Partial correlation coefficients were computed to analyze the independent relationship of different continuous factors with BMD. Genetic factors were analyzed at the genotype level. The association of genotypes with BMD was tested by analysis of variance and covariance, with adjustment for potential confounding variables. All analyses were two-tailed and P values !0.05 were considered statistically significant. The SPSS software was used (SPSS Inc, Chicago, IL, USA).
Results
As expected, BMD was significantly different in men and women, therefore data were analyzed separately. Their main characteristics are shown in Table 1 .
The main results of the univariate analysis are shown in Table 2 . Body weight, height, and body mass index (BMI) were positively correlated to BMD, both at the spine and at the femoral neck (Fig. 1) . That relationship was not just a consequence of differences in the size of bones, as BMI was also significantly correlated to the estimated volumetric BMD at both regions and in both sexes (all P values !0.001). Calcium intake, physical activity, tobacco, and alcohol consumption were not associated to BMD. Serum free estradiol, assessed by the FEI, was also significantly associated to hip and spine BMD in women, and to spine BMD in men (Table 2 and Fig. 2 ).
In women, age-adjusted FEI was positively related to BMI (partial rZ0.17, PZ0.026) and negatively to age (partial rZK0,16, PZ0.04). In men, those relationships were not statistically significant.
The independent association of those factors with BMD was studied by multivariate regression models. In women, both BMI and FEI were independently related to spine and femoral neck BMD. The partial correlation coefficients between BMI and BMD, controlling for the influence of FEI and age, were 0.32 and 0.37 (both P! 0.001) at the spine and the femoral neck respectively. The correlation coefficients between BMD and FEI, controlling for the influence of BMI and age, were 0.23 (PZ0.003) and 0.30 (P!0.001), at the spine and the femoral neck, respectively.
In men, both BMI and FEI were independently associated to spine BMD. BMI, but not FEI, was also significantly related to femoral neck BMD. The partial correlation coefficients between BMI and BMD, controlling for the influence of FEI and age, were 0.40 and 0.49 (both P!0.001) at the spine and the femoral neck, respectively. After correction for the effects of age and BMI, the partial correlation coefficients between FEI and BMD were 0.34 (PZ0.008) and 0.19 (PZ0.15), at the spine and the femoral neck, respectively.
In general linear models including BMD as the dependent variable and sex, BMI, and FEI as covariates, there were no significant interactions between sex and FEI on BMD (PO0.2). There was an interaction between sex and BMI on femoral neck BMD (PZ0.004), but not on spine BMD (PO0.3). Therefore, the analysis suggested a stronger association of BMI and femoral neck BMD in men than in women, without statistical evidence for significant sex-related differences in the other associations tested.
Allelic frequencies of the polymorphisms studied are shown in Table 3 . There was no evidence for departure from the Hardy-Weinberg equilibrium. In women, G alleles of the SULT1A1 gene (causing a reduction of the catalytic activity) tended to be associated to a higher spine BMD (Table 4) . Polymorphisms of CYP17 and SRD5A2 genes were not associated to spine BMD (not shown). No polymorphism was significantly associated to BMD at the femoral neck, either individually (Table 4) or in combination models including the alleles present at various loci. There was no evidence for interaction between the genetic polymorphisms and the FEI. Likewise, there was no evidence for interaction with body weight, thus similar results were observed when individuals were stratified according to BMI (not shown).
Discussion
In this study, we found a strong relationship between BMI and BMD at the hip and the spine, in postmenopausal women as well as in men. This confirms previous results and emphasizes the importance of an adequate body weight to maintain skeletal homeostasis (15) . Multiple mechanisms may be involved. The skeleton of people with high body weight is obviously exposed to higher loads, and the bone anabolic effect of physical forces is well known (16) . On the other hand, for a given body constitution, a higher BMI means higher fat mass, which may have particular positive effects on bone mass. Although we do not have data about the body components of these subjects, a number of studies have suggested that fat mass may be more directly related to bone mass than lean mass (15) . Such relationship between fat mass and bone mass can be mediated by different mechanisms, including genetic factors influencing body habitus (17, 18) and a variety of chemical factors. The adipose tissue synthesizes a number of circulating factors which may influence bone homeostasis, by direct and indirect mechanisms (19) . Probably the most extensively studied is leptin. Leptin has direct effects on bone cells, but it can also modulate bone metabolism through the interaction with the CN (20) . The critical role of estrogens in bone homeostasis is widely recognized (1), and one of its consequences is the loss of bone occurring after the menopause, when the gonadal function ceases. The aromatization of androgenic precursors is the main source of estrogens in men and women after the menopause. A variety of human tissues have been shown to express the aromatase gene. Apart from the gonads, aromatase activity and/or RNA transcripts have been detected in muscle, fat, bone, nervous tissue, and several tumors (21) . The adipose tissue is usually regarded as a major source of estrogens after the menopause and it may represent another mechanism by which fat mass influences bone. In this study, we found a positive correlation between BMI and free estrogen levels in women, which is consistent with that contention. On their own, estrogen levels correlated with BMD, particularly at spine, both in women and in men. These results confirm other studies pointing toward an important role of estrogen not only in women but also in adult and elderly men (22) (23) (24) (25) . However, the relationship between BMI and BMD was independent, at least partially, of estrogen levels, thus emphasizing the multiple mechanisms involved in the association between BMI and bone mass.
Although the overall importance of genetic factors in bone mass determination is out of doubt (2), the genes being actually responsible for the BMD variability are unclear. The role of a number of candidate genes has been explored. Among them, those related to sex steroid metabolism are particularly attractive, for the critical role of those hormones in bone homeostasis. In fact, we and others have reported an association between aromatase gene and bone mass (26) (27) (28) . Polymorphisms of the CYP17 gene have been related to BMD in some studies (4, 29, 30) , but, as in the present study, other authors did not find an association (12, 31) . The frequencies of the CYP17 and the two other polymorphisms in this study were similar to those reported in other Caucasian populations (6, 13, 32, 33) .
Sulfotransferase is involved in estrogen catabolism. The polymorphism here studied appears to result in differences in enzyme activity (13, 34) , but we are not aware of previous studies of the relationship of this gene with BMD. In the present study, we found a higher spine BMD in women with G alleles, which appear to be associated to reduced enzymatic activity and, therefore, theoretically slower steroid catabolism. We did not find statistically significant differences in serum estradiol between women with G and C alleles (not shown), but it does not exclude the existence of differences in estrogen bioavailability at the tissue level. Nevertheless, there was no relationship between femoral neck BMD and sulfotransferase alleles. Therefore, given the risk of type Free estrogen index I error when multiple tests are performed, these results should require confirmation in other populations.
Polymorphisms of 5a-reductase may influence the conversion of testosterone into the more active 5a-dihydrotestosterone. Bone cells express androgen receptors and respond to androgens. They also express a number of enzymes of the sex hormone biosynthetic pathway, including 5a-reductase (35). We did not find an association between the polymorphism studied and BMD, despite the fact that it is a non-synonymous functional SNP (6) . This negative result may be related to the particular tissue expression profile of 5a-reductase. Whereas we studied an SNP of the type II 5a-reductase gene, the type I gene may be preferentially expressed in the bone tissue (36) .
This study has some limitations. As already mentioned, the lack of body composition data did not allow to study the relative influence of lean and fat components on BMD. It should also be mentioned that the moderate study size does not permit to exclude a small influence of genetic factors on bone. For instance, according to the allele frequencies found, the study had more than 95% power to detect a genetic influence causing a 10% difference in BMD in either sex. However, the power to detect a 5% difference in BMD was reduced to 75-92% in females and to 50-75% in males. Similarly, the power of the association analysis of estrogen levels was 81% in males and more than 95% in women, to detect a correlation of r 2 Z10%, but only 50 and 90% respectively, to detect a correlation with r 2 Z5%. Also, the lack of association between the polymorphisms here studied and BMD does not exclude the possibility that other variations in those genes might influence bone mass. Studies of several tag polymorphisms capturing the whole gene variation would be necessary to further clarify this issue.
In conclusion, the results of this study point toward body weight and estradiol levels as major factors determining BMD both in women and in men. Genetic factors are also known to play an important role and we found a statistically significant association between a non-synonymous polymorphism of the SULT1A1 gene and spine BMD in women. Table 4 Age-and body mass index-adjusted femoral neck bone mineral density according to genotypes (mean, 95% confidence interval and P values for the differences across genotypes of each locus).
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